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I. I NTRODUCTIO N M
AGNETOSTATIC WAVE (MSW) propagation in a YIG film of finite dimensions has been reported in previous papers [1]- [11] . O' Keeffe el al. [2] and Bajpai et al. [4] have investigated the effects of finite sample widths on MSW propagation. Recently, inlerest in threedimensional inhomogeneous MSW waveguides is increasing because high-precision dispersion control is making MSW device application possible [1] , [3] , [5]-[ 11] . Morgenthaler et oJ. [1], [3] , [6) , [8] , [9J have discussed the control of MSW propagation by means of a spatially nonuniform bias field. It is also found that control of important feat ures of MSW modes is afforded through the use of bias field gradients and that magnetostatic forward volume waves can be forced to have strong field -displacement characteristics that are either nearly reciprocal or very strongly nonreciprocal. Such control may provide the basis for new forms of microwave signal processors [6] - [9] . In order to analyze these inhomogeneous MSW waveguides, the variational method [12), [13] and the finit e-element method [14] have been introduced. These methods are valid for the solution of inhomogeneous waveguide structures. In the former approach, however, great care is necessary in choosing the trial functions. The laller approach, on the other hand, is applied only to planar structures of infinite wid th .
In this paper, a unified approach based on the fin ite-element melhod is described for the MSW propagation in a YIG film of fini te dimensions. Both magnetostatic forward volume wave (MSFVW) and magnetostatic surface wave (MSSW) modes are treated. In this finite-element ap- proach, the cross section of the waveguide is divided into triangular elements [15] , [16J and it is easy to consider the inhomogeneities in the bias field and/ or the magnetiza_ tion. The validity of the method is confirmed by calculating the MSW modes in a YIG-Ioaded rectangular waveguide [10) and in a YIG film of fin ite width [4) . Numerical resuhs on the delay characteristics and potential profiles of a YIG film with nonuniform bias fi eld distributions are examined. Fig. 1 a.
II. B ASIC EQUAT IONS
H, --a; where fJ is the phase constant in the y direction, s -± 1 is a directional parameter [14) , and ~ is the magnetostatic potcntial.
III. M ATHEMATICAL F ORMULATIONS
Dividing the region enclosed by the boundaries f 1 to f4 into a number of second-order triangular elements [15), (16} as shown in Fig. 2 , the magnetic potential 4> within each element is defined in terms of the magnetic potential ~k at the nodal point k (k = 1,2,···, 6) :
where
Here shape functions NI to N6 are given by
with the area coordinates L 1 • L 2 • and L3 [151, [16}. The relation between the area coordinates and the Cartesian coordinates is expressed in the foUowing form:
where (xi' Zj ) are the Cartesian coordinates of the vertex j (j = 1, 2, 3) of the triangle. Also, tbe diagonal component p, and the off-d iagonal component " of the relative permeability tensor within each element are approximated by
and P, k and K k ( k = 1, 2, · . · ,6) are, respectively, the JL and K values at the nodal point k . Using a Galerkin procedure on (2), we obtain
where the integration is carried out over the element subdomain n" and {OJ is a null vector.
Integrating by parts, we obtain for (10)
where (12) Here
integration on the left-hand side in (11 ) is carried out over the contour r, of the region 11,; and nx and n: are the x and z components of an outward normal unit vector to r,.
respecti vel y.
Noting that BIf is continuous across f, (boundary conditions at the interface between two different media) and B" = 0 on f) and r., from (1), (3), and (4) the followi ng globaJ matrix equation is derived :
• •
'(( N, }(N )T +(N}( N, ) T)
for bias field applied parallel 10 the x axis (14a)
• • and
((N, }(N,} T _ (N,}( N, } T) + • • ( N,)(N,} T + ( N, }( N,j') ] dxdz
for bias £ieid applied parallel to the y axis (1 4b)
• • ' ((N,}(N }T + (N }( N, ) T)
for bias field applied paraJlei to the Z axis. (14c) Here Il , and "r are expressed by (8a) and (8b), respectively; {$ } is the nodaJ magnetic potential; L, and L r • extend over all elements and the elements related to r j (i -1,2), respectively; B". ; is the magnetic nux density on r j; and {N}; is the shape functi on vector on r j , namely,
Combining the boundary conditions on the planes r l and r 2 , (13) becomes where 
IV. CoMPlITED REsULTS
First, we consider a YIG-Ioaded rectangular waveguide [10) as shown in Fig. 3 , where the planes x = 0, x'" a, z = 0, and z = b are assumed to be PEC's, the bias field is along the x axis, and there exist MSSW modes. In this case, the potential profile is symmetric with respect to the plane x = a /2, Taking advantage of this symmetry, we subdivided one half of the cross section into second-order triangular elements, where the plane x -a / 2 is assumed to be a PMC. Table I The convergence behavior of the phase constant f3 is shown in Fig. 4 . With an increasing numbcr of elements, the phase constant f3 converges monotonically. Also, we Table I and Fig. 4 that the accuracy of the finite-element solutions fa lls off as the film position Zo is lowered or the frequency F increases.
Next, we consider a YIG film of finite width [4] as shown in Fig. 3 , where the planes x -0 and x = a arc assumed to be PMC's, the planes z",. 0 and z = bare assumed to be PEC's [2] , [4] , the bias fi eld is along the z axis, and there exist MSFVW modes. Table II exhibits The finite-element solutions agree well with the exact solutions [4] . Also, larger errors are observed as the fre· quency mcreases.
Lastly, we consider the MSW waveguide with a bias field of parabolic distribution where the planes x = 0 and x -a in Fig. 3 are assumed to be PMC's, the planes z -0 and z = b are assumed to be PEC's, and the bias field is ,-H,-( H,-H,)X[(a-2x)/aj' (20) where HI and H2 are the minimum and the maximum value or the errective field for a hollowed parabolic distribution (case A), respectively. and HI and H2 are the maximum and the minimum value for a projecting parabolic distribution (case B), respectively.
IHollowed parabolic dl,trlbullonl The time delay characteristics are illustrated in Fig. 6 (a) and (b) for cases A and B, respectively. where the dotted line represents the delay curve for the homogeneous case [4] . These figures show that the nondispersive bandwidth is extended in the case of the parabolic distribution of the bias field. Comparing case A with case B, it is also found that the projecting parabolic bias field offers a wider nondispersive bandwidth.
T he effect of parabolic bias field on the potential prorile is investigated, Fig. 7(a), (b) , and (c) shows the potential profiles ror the uniform, hollowed parabolic, and projecting parabolic bias fields, respectively. The phase constant fJ is independent of the direction of propagation. In the case of parabolic bias fields, the potential has a stronger localiz.ation. Comparing case A with case B, it is found that the projecting parabolic bias field creates stronger poten tial-displacemen t nonreci proci t y.
A similar potential-displacement nonreciprocity was reported in ( manner. In order to examine the validi ty of the present method, MSW modes in a YIG-Ioaded rectangular waveguide and in a YIG film of finite width are calculated. We also present the application of this approach by analyzing the MSFVW propagation in a YIG film with the bias field of parabolic distribution along the film width. It is found that the parabolic bias field offers an improvement in the nondispersive bandwidth.
